activity is yet unknown. We found that recombinant SARS-S bound to ACE2 and induced ACE2 shedding with higher efficiency than NL63-S. Shedding most likely accounted for the previously observed ACE2 downregulation but was dispensable for viral replication. Finally, SARS-CoV but not NL63 replicated efficiently in ACE2-positive Vero cells and reduced ACE2 expression, indicating robust receptor interference in the context of SARS-CoV but not NL63 infection.
Severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in 2002 in Guangdong province, China, and its subsequent spread to 26 countries was associated with 8,096 infections and 774 deaths (29) . The human coronavirus NL63 was discovered in 2004 in the Netherlands (7, 33) and was shown to be globally distributed (2, 3, 6, 23, 31) . NL63 infection seems to be acquired during childhood (2, 3, 6, 11, 23, 31) and is usually not associated with severe disease (2, 3, 6, 23, (31) (32) (33) . Both SARS-CoV and NL63 employ angiotensin-converting enzyme 2 (ACE2) as receptor for infectious entry into target cells (11, 19, 34) . Several lines of evidence suggest that ACE2 plays a key role in SARS-CoV spread: (i) ACE2 is expressed on the major SARS-CoV target cells, type II pneumocytes (4, 9, 25, 30) , as well as on ciliated airway epithelial cells (28) , (ii) ACE2 expression in cell lines correlates with susceptibility to SARS-CoV spike protein (SARS-S)-driven entry (11, 26) , and (iii) knockout of ACE2 in mice abrogates permissiveness to SARS-CoV infection (16) . For NL63, ACE2 expression was also shown to correlate with susceptibility to infection (11) , and the virus has been found to infect ciliated bronchial epithelial cells in culture (1, 5) , but the NL63 target cells in infected patients have not been defined, and an animal model for NL63 replication has not been established.
ACE2 is a component of the renin-angiotensin system, which regulates blood pressure (14, 17) . In addition, Kuba and colleagues and Imai and colleagues showed that pulmonary ACE2 expression protects against experimentally induced lung injury (13, 16) . Treatment of mice with soluble SARS-S reduced cell surface expression of ACE2 and thereby exacerbated experimentally induced lung disease (16) , suggesting that interactions of SARS-S with its cellular receptor could promote acute lung injury in infected patients. Notably, it has recently been proposed that binding of SARS-CoV but not NL63 to ACE2 induces ACE2 shedding from the cell surface, and evidence has been presented that this process is required for cellular uptake of SARS-CoV (8) . Whether ACE2 shedding is indeed a prerequisite to infectious entry and contributes to the previously observed ACE2 downregulation by SARS-S (16) remains to be determined. In addition, it is unclear if SARS-S and NL63-S differentially interfere with ACE2 expression, which might contribute to the differential pathogenicity of these viruses.
To address the questions raised above, we first investigated if SARS-S and NL63-S bind to ACE2 with different efficiencies, which could result in differential ACE2 downregulation. For this, the S1 units of the viral S proteins (SARS-S, amino acids 13 to 714; NL63-S, amino acids 16 to 741), fused to the Fc portion of human immunoglobulin, were transiently expressed in 293T cells and purified from the culture supernatants by chromatography with protein A columns ( Fig. 1A) . Purified SARS-S bound to ACE2-expressing cells with much higher efficiency than equal amounts of NL63-S ( Fig. 1B) . Similarly, FIG. 1. SARS-S binds to ACE2 with higher efficiency than NL63-S. (A) For production of recombinant SARS-S and NL63-S proteins, the S1 unit of the respective proteins was fused to the Fc portion of human immunoglobulin, and the soluble S proteins and the Fc control protein were transiently expressed in 293T cells. The S proteins and the Fc control protein were purified from the culture supernatants by protein A chromatography, and protein content was analyzed by Western blot analysis using an anti-human Fc antibody. Lane 1, Fc control; lane 2, SARS-S; lane 3, NL63-S. (B) 293T cells stably expressing ACE2 were incubated with SARS-S, NL63-S, and Fc control protein at a concentration of 22.5 g/ml, and protein binding was analyzed by a fluorescence-activated cell sorter (FACS). Results from a representative experiment are shown in the left panel, and the geometric mean channel fluorescence measured upon analysis of duplicate samples is shown in the right panel. (C) Binding of SARS-S and NL63-S to ACE2 was assessed by employing a sandwich ELISA. The ELISA plate was coated with anti-human Fc antibody to capture the soluble spike Fc proteins or a Fc control protein (2 g/ml), followed by addition of different concentrations of recombinant ACE2 labeled with a FLAG tag, which was detected using an anti-FLAG antibody-horseradish peroxidase (HRP) conjugate. (D) An anti-human Fc antibody was immobilized onto a BIAcore chip surface, and SARS-S Fc protein was added. Subsequently, unbound protein was removed, and binding of different concentrations of recombinant ACE2 was assessed. The binding of the receptor was measured by a decreased angle of the surface plasma resonance (SPR), which is illustrated in response units (RU Vero E6 cells were incubated for 0, 2, 8, and 24 h with VLPs harboring SARS-S, NL63-S, or control particles containing no viral glycoprotein. As a positive control for ACE2 shedding, cells were treated with the indicated concentrations of PMA for 1 h. Thereafter, the supernatants were harvested, OVA was added, and the samples were precipitated with TCA. In parallel, the cells were lysed, pellets were obtained upon TCA precipitation, and cell lysates were analyzed for ACE2 expression by Western blot analysis. As precipitation and loading control, respectively, OVA content (supernatants) and ␤-actin expression (cell lysates) were also determined by Western blot analysis. binding studies in an enzyme-linked immunosorbent assay (ELISA) format revealed highly efficient capture of recombinant ACE2 by SARS-S, while binding of ACE2 to NL63-S was barely detectable (Fig. 1C ). In addition, SARS-S binding to ACE2 was readily observed in a BIAcore system-based analysis ( Fig. 1D ), while NL63-S did not specifically bind to ACE2 (data not shown). Finally, preincubation of ACE2-transfected cells with recombinant SARS-S blocked subsequent infection with lentiviruses pseudotyped with SARS-S and NL63-S, while inhibition with recombinant NL63-S was much less pronounced ( Fig. 1E ). In summary, our results and those of previous studies (20, 22) indicate that SARS-S binds to ACE2 with higher efficiency than NL63-S. We next asked if ACE2 expression is differentially downregulated by the viral S proteins. Recent work by Haga and colleagues demonstrated that binding of recombinant and virion-associated SARS-S to ACE2 induces ACE2 shedding in a disintegrin and metalloproteinase domain 17 (ADAM17)/ tumor necrosis factor alpha (TNF-␣)-converting enzyme (TACE)-dependent manner (8, 18) . These observations indicate that ACE2 shedding might reduce ACE2 surface expression. We therefore investigated ACE2 shedding from Vero E6 cells, which express endogenous ACE2. ACE2 expression in cell lysates and the presence of ACE2 in trichloroacetic acid (TCA)-precipitated cell culture supernatants was detected by Western blot analysis ( Fig. 2A ). Detection of ␤-actin served as a loading control for the analysis of cell lysates. For control of comparable precipitation efficiency, ovalbumin (OVA) was added to supernatants and also detected by Western blot analysis. Phorbol myristate acetate (PMA) treatment induced shedding of ACE2 into the cellular supernatants and reduced the amount of cell-associated ACE2, in agreement with previous results ( Fig. 2A, top) (8, 18) . Incubation of cells with control virus-like particles (VLPs) bearing no viral glycoprotein did not induce ACE2 shedding. In contrast, VLPs bearing SARS-S triggered ACE2 shedding over time ( Fig. 2A) . The levels of cell-associated ACE2 remained constant, suggesting that ACE2 release was less efficient than release from PMAtreated cells. Notably, ACE2 shedding was also observed upon incubation of cells with VLPs bearing NL63-S, albeit the kinetics were delayed compared to cells exposed to SARS-Sbearing VLPs ( Fig. 2A , bottom, and 2B). Similarly, ACE2 shedding was induced by soluble NL63-S but with lower efficiency than virion-associated protein (Fig. 2B) . Collectively, SARS-S and to a lesser extent NL63-S can induce ACE2 shedding.
We then assessed if shedding contributes to ACE2 downregulation. For this, we employed TAPI-0, a TACE inhibitor (24) . Incubation of PMA-treated cells with TAPI-0 abrogated ACE2 release (Fig. 2C) , as expected (8, 18) , confirming that the compound was active at the concentrations used. If ACE2 shedding contributes to ACE2 downregulation, as previously observed by Kuba and colleagues (16) , we reasoned that this process should be sensitive to inhibition by TAPI-0. Following the previously established FACS-based protocol, binding of S proteins to Vero E6 cells was analyzed at 37°C (to allow shedding) in the presence and absence of TAPI-0. In addition, binding of S proteins to Vero E6 cells at 4°C (to prevent shedding) was determined as a control. SARS-S but not a control Fc protein bound efficiently to Vero E6 cells maintained at 4°C (Fig. 2D, top) . Binding of SARS-S was markedly diminished when cells were incubated at 37°C (Fig. 2D, top) , in agreement with published results (16) . Notably, this effect could be completely reversed by incubation of cells with TAPI-0 ( Fig. 2D, middle) . Thus, ACE2 shedding accounted for the reduced SARS-S binding and was most likely responsible for the diminished ACE2 surface expression previously observed under these conditions (an antibody for detection of ACE2 on Vero cells by FACS was not available for the present study) (16) . In contrast, appreciable binding of NL63-S to Vero E6 cells was not observed (Fig. 2D, bottom) , in agreement with the less-efficient ACE2 binding ( Fig. 1 ) and less-efficient ACE2 shedding ( Fig. 2A ) by NL63-S compared to SARS-S.
We next determined if coexpression of SARS-S or NL63-S with ACE2 can also reduce ACE2 expression. One rationale behind this approach is the observation that interactions of viral glycoproteins with their cognate cellular receptors within the secretory pathways of infected cells can lead to formation of receptor-glycoprotein complexes and subsequent receptor degradation (12) . In addition, ligation of ACE2 on neighboring cells by surface-expressed S protein could contribute to ACE2 downregulation under these conditions. To investigate if coexpression of SARS-S and NL63-S interferes with ACE2 expression levels, we coexpressed these proteins in 293T cells stably expressing ACE2. Expression of SARS-S but not expression of NL63-S or other SARS-CoV proteins reduced ACE2 levels in transiently transfected 293T cells ( Fig. 2E and F) , at least under optimal transfection conditions, indicating that expression of SARS-S but not other SARS-CoV proteins in infected cells could interfere with ACE2 expression.
Haga and colleagues suggested that ACE2 shedding upon binding to SARS-S is required for uptake of SARS-CoV particles into 293T cells (8) . We therefore assessed if ACE2 shedding is required for productive SARS-CoV and NL63 infection. To this end, we investigated if TAPI-0, which prevented ACE2 shedding in the experimental settings described above ( Fig. 2C and D) , could inhibit transduction of cells by a lentiviral vector pseudotyped with SARS-S and NL63-S. Preincuaverage of two independent experiments is shown in the left panel. The right panel depicts the average of three independent experiments. (C) To confirm the importance of TACE for ACE2 shedding, Vero E6 cells were incubated with 0.1 M PMA in the presence of the indicated concentrations of TAPI-0, a TACE inhibitor. ACE2 shedding was analyzed as described for panel A. (D) Vero E6 cells were incubated with SARS-S for 3 h at 4°C or 37°C in the absence (top) and presence (middle) of TAPI-0. Alternatively, cells were incubated with NL63-S protein for 3 h at 4°C or 37°C (bottom). Thereafter, unbound protein was removed by washing, and protein binding was determined by FACS analysis. (E) 293T cells engineered to express high levels of ACE2 were transiently transfected with 3 g of plasmids encoding SARS-S, NL63-S, or the indicated SARS-CoV proteins, and ACE2 surface expression was determined by FACS analysis. (F) The experiment was carried out as described in panel E. However, the cells were harvested at 48 h posttransfection, and ACE2 expression in cell lysates was analyzed by Western blot analysis. Expression of ␤-actin was determined as a loading control.
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NOTES 1201 bation of target cells with TAPI-0 did not inhibit transduction of ACE2-transfected 293T cells by SARS-S-and NL63-S-bearing pseudotypes (Fig. 3A) . More importantly, TAPI-0 did not inhibit replication of SARS-CoV and NL63 in Vero E6 cells (Fig. 3B) , indicating that S protein-induced ACE2 shedding is dispensable for replication of SARS-CoV and NL63. Our results indicated that SARS-S binds to ACE2 with higher efficiency than NL63-S and that this correlates with more efficient ACE2 shedding. We then examined how these findings related to ACE2 expression in SARS-CoV-and NL63infected cells. Vero E6 cells were infected with SARS-CoV (Frankfurt strain) and NL63 at an equal multiplicity of infec-tion (MOI), and ACE2 expression in cell lysates ( Fig. 4A and  B ) and viral copy numbers in the cellular supernatants (Fig.  4C) were analyzed. SARS-CoV replicated with higher efficiency than NL63, with RNA levels in supernatants of SARS-CoV-infected cells at day 1 postinfection being comparable to those in NL63 cultures at 6 days postinfection (Fig. 4C) . Replication of SARS-CoV was associated with efficient downregulation of ACE2 expression ( Fig. 4A and B) , which correlated inversely with viral RNA levels and expression of Nsp8 in cell lysates. In contrast, no appreciable ACE2 downregulation was observed in NL63-infected cell cultures, despite an increase in RNA levels and expression of NL63 proteins (Fig. 4A to C) . FIG. 3 . Shedding of ACE2 is dispensable for SARS-CoV and NL63 spread. (A) In order to determine the importance of TACE activity for SARS-S-and NL63-S-driven infectious entry, ACE2-transfected 293T cells were incubated with the indicated concentrations of TAPI-0 and infected with infectivity-normalized lentiviral pseudotypes bearing the indicated glycoproteins. At 72 h postinfection, the cells were lysed and the luciferase activities in cell lysates were determined by employing a commercially available kit. (B) To assess the importance of ACE2 shedding to SARS-CoV and NL63 spread, Vero E6 cells were pretreated with the indicated concentrations of TAPI-0 or pretreated with dimethyl sulfoxide (DMSO) as a control and then infected with SARS-CoV (Frankfurt strain) or NL63 at an MOI of 0.001. Supernatants of the infected and noninfected cells were taken at the indicated time points postinfection, and the number of viral genome copies was determined by real-time reverse transcription-PCR (RT-PCR). The following primers and probes were used for detection of the SARS-CoV genome: BNITMSARS1 (5Ј-TTAT CACCCGCGAAGAAGCT-3Ј) (forward primer), BNITMSARAs2 (5Ј-CTCTAGTTGCATGACAGCCCTC-3Ј) (reverse primer), BNITMSARP (5Ј-FAM-TCGTGCGTGGATTGGCTTTGATGT-TAMRA-3Ј) (probe). For detection of the NL63 genome, the following primers and probes were used: 63RF2 (5Ј-CTTCTGGTGACGCTAGTACAGCTTAT-3Ј) (forward primer), 63RR2 (5Ј-AGACGTCGTTGTAGATCCCTAACAT-3Ј) (reverse primer), and 63RP (5Ј-FAM-CAGGTTGCTTAGTGTCCCATCAGATTCAT-3Ј-TAMRA) (probe). The SARS-CoV and NL63-specific primers both recognize ORF1B sequences. The result of a representative experiment carried out in duplicates is shown.
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Thus, SARS-CoV downregulates its receptor, and the S protein might be instrumental to receptor interference. A direct comparison of ACE2 downregulation in SARS-CoV-and NL63-infected cultures was not possible due to the differential replication efficiencies. However, it can be speculated that relatively inefficient ACE2 engagement by NL63 might contribute to the reduced replication and ACE2 downmodulation compared to SARS-CoV. Collectively, our data indicate that SARS-S engages ACE2 more efficiently than NL63-S and that this capacity correlates with more efficient induction of ACE2 shedding. Shedding of soluble ACE2 into the cellular supernatants upon binding of the viral S protein might be mainly responsible for the mark-edly reduced ACE2 expression in the context of SARS-CoV infection ( Fig. 2 and 4) (8, 16) , albeit trapping and subsequent degradation of ACE2 in the constitutive secretory pathway of infected cells might contribute ( Fig. 2E and F) , a possibility that deserves further investigation. Previous studies demonstrated that soluble ACE2 can be released in the supernatants of cells exposed to SARS-S or PMA (8, 18) and that release is facilitated by ADAM10 (PMA) and/or ADAM17/TACE (PMA, SARS-S), which are believed to cleave ACE2 between amino acids 716 and 741 (15) . Notably, it was suggested that TACE-dependent ACE2 release is induced by SARS-S but not NL63-S binding to ACE2 and that this process is required for infectious SARS-CoV entry (8) . However, the latter conclu- For instance, human immunodeficiency virus type 1 (HIV-1) is readily taken up by HeLa cells, but uptake does not result in productive infection (21) , indicating that measuring uptake might not be appropriate to determine the efficiency of infectious entry. Our results confirm that SARS-S promotes ACE2 shedding, albeit this effect was not exclusive to SARS-S and was also observed with NL63-S. More efficient induction of ACE2 shedding by virion-associated, trimeric NL63-S compared to soluble, dimeric NL63-S (Fig. 2) was not unexpected, since the former binds to ACE2 with higher avidity. Notably, inhibition experiments with TAPI-0, an ADAM17/TACE inhibitor (24) previously shown to abrogate PMA-and SARS-Sinduced ACE2 shedding (8, 18) , demonstrated that shedding is dispensable for efficient viral spread (Fig. 3) . These observations suggest that ACE2 shedding is a mere byproduct of SARS-CoV and NL63 infection and is not required for infectious entry. Whether shedding of ACE2 promotes the release of infectious particles by preventing interactions between SARS-S on progeny virions and cellular ACE2 remains to be determined (since genome copies and not infectivity in cellular supernatants were quantified in Fig. 3B ). Anyway, soluble ACE2 might impact viral spread, since binding to soluble receptor has been shown to block SARS-S-dependent infectious entry (10) . It also remains to be clarified if S protein-induced ACE2 release promotes lung injury. While soluble ACE2 can be used to combat lung injury (13, 16) , the reduction of local concentrations of membrane-associated ACE2 might indeed promote SARS development.
Replication of SARS-CoV in Vero E6 cells was robust and resulted in efficient ACE2 downregulation (Fig. 4) . In contrast, NL63 replicated in Vero E6 cells with relatively low efficiency and did not induce ACE2 downregulation, at least under the conditions tested. In conjunction with the results obtained for recombinant S proteins ( Fig. 1) , these observations suggest that relatively inefficient ACE2 binding of NL63 relative to SARS-CoV could result in both reduced viral replication and ACE2 downregulation. Conversely, acquisition of increased ACE2 binding capacity might cause emergence of pathogenic NL63 variants. Ultimately, these questions can be addressed only by generation of chimeric viruses and their analysis in animal models for SARS. The recent establishment of a reverse genetic system for NL63 (5) and an aged mouse model for SARS pathogenesis (27) will be instrumental to these research endeavors.
